Dielectric capacitors hold a tremendous advantage for energy storage due to their fast charge/discharge times and stability in comparison to batteries and supercapacitors. A key limitation to today's dielectric capacitors, however, is the low storage capacity of conventional dielectric materials. To mitigate this issue, antiferroelectric materials have been proposed 1 , but relatively few families of antiferroelectric materials have been identified to date [2] [3] [4] [5] . Here, we propose a new design strategy for the construction of lead-free antiferroelectric materials using interfacial electrostatic engineering. We begin with a ferroelectric material with one of the highest known bulk polarizations 6 , BiFeO3. We show that by confining atomically-precise thin layers of BiFeO3 in a dielectric matrix that we can induce a metastable antiferroelectric structure. Application of an electric field reversibly switches between this new phase and a ferroelectric state; in addition, tuning of the dielectric layer causes coexistence of the ferroelectric and antiferroelectric states. Precise engineering of the structure generates an antiferroelectric phase with energy storage comparable to that of the best lead-based materials. The use of electrostatic confinement provides a new pathway for the design of engineered antiferroelectric materials with large and potentially coupled responses. Figure 1a shows the ferroelectric BiFeO3 structure with R3c symmetry as well as several additional computed low energy non-polar structures. While some have been previously 3 proposed 24 , we find a previously unidentified antiferroelectric state labelled "Pnma-AFE." For in-plane lattice constants constrained to those of R3c BiFeO3, this structure lies 30 meV/f.u.
Dielectric capacitors hold a tremendous advantage for energy storage due to their fast charge/discharge times and stability in comparison to batteries and supercapacitors. A key limitation to today's dielectric capacitors, however, is the low storage capacity of conventional dielectric materials. To mitigate this issue, antiferroelectric materials have been proposed 1 , but relatively few families of antiferroelectric materials have been identified to date [2] [3] [4] [5] . Here, we propose a new design strategy for the construction of lead-free antiferroelectric materials using interfacial electrostatic engineering. We begin with a ferroelectric material with one of the highest known bulk polarizations 6 , BiFeO3. We show that by confining atomically-precise thin layers of BiFeO3 in a dielectric matrix that we can induce a metastable antiferroelectric structure. Application of an electric field reversibly switches between this new phase and a ferroelectric state; in addition, tuning of the dielectric layer causes coexistence of the ferroelectric and antiferroelectric states. Precise engineering of the structure generates an antiferroelectric phase with energy storage comparable to that of the best lead-based materials. The use of electrostatic confinement provides a new pathway for the design of engineered antiferroelectric materials with large and potentially coupled responses.
Antiferroelectric materials have seen a resurgence of interest due to proposed applications in a number of energy efficient technologies. These technologies exploit the electric-field-triggered phase transformation from the antipolar ground state 7 to an energetically low-lying polar structure 4, 8 . Concomitant changes in the unit cell volume, entropy and stored charge can be used for applications in transducers 9 , electrocaloric solid-state cooling 10 and highenergy storage capacitors 1 . Although antiferroelectricity was first discovered in the 1950s in PbZrO3 [ref. 2, 3, 11] , most antiferroelectric materials of interest today are alloyed compounds near a morphotropic phase boundary, which reduces the energy barrier 12, 5 .
At such morphotropic phase boundaries, the competition between distinct, low-lying ground states can lead to colossal responses from external stimuli. Driving a system to a boundary with chemical alloying, however, fundamentally reduces the polarization of the adjacent ferroelectric phase. Here we demonstrate a new design strategy for the construction of antiferroelectrics using interfacial electrostatics that both avoids chemical substitution and, driven by environmental concerns, is in a material that is lead-free 13 . We start with BiFeO3, one of the strongest known ferroelectric materials with a room-temperature polarization of ~90 µC/cm 2 (ref. 6 ). BiFeO3 can adopt other structures when subjected to large compressive 14 or tensile 15 strain or hydrostatic pressure 16 and additional low-energy polymorphs have been identified by density functional theory (DFT) calculations 6, [17] [18] [19] . We show that interfacial electrostatic boundary conditions imposed on a confined layer 20-22 can stabilize a new antipolar phase 23 . An applied electric field recovers the ferroelectric state: switching field and thus the storage capacity can be tuned with the interfacial layer. Figure 1a shows the ferroelectric BiFeO3 structure with R3c symmetry as well as several additional computed low energy non-polar structures. While some have been previously proposed 24 , we find a previously unidentified antiferroelectric state labelled "Pnma-AFE." For in-plane lattice constants constrained to those of R3c BiFeO3, this structure lies 30 meV/f.u.
(formula unit) above the R3c ground state and is the lowest energy non-polar state identified to date, lower in energy than both the LaFeO3-like structure with Pnma symmetry 24 and the PbZrO3-like Pbam antiferroelectric structure found in RxBi1-xFeO3 (R = rare earth) [25] [26] [27] [28] [29] . The
Pnma-AFE phase (calculated lattice vectors a = 5.53 Å, b = 11.15 Å and c = 15.64 Å) is characterized by antipolar "up-up/down-down" displacements of the bismuth ions and a "supertilting" pattern of the oxygen octahedra that increases the unit cell in each direction (Fig. 1b) .
The tilt pattern is composed of alternating octahedral rotations of different amplitudes along the a and b axes, and a pair of identical clockwise octahedral rotations followed by a pair of identical counterclockwise rotations (where the clockwise pair has a different magnitude) along the c-axis;
to our knowledge such a pattern has only been previously observed in NaNbO3 (ref. with an overline) of adjacent octahedra (no rotation would be indicated by a '0' superscript).
We predict that the Pnma-AFE phase should be stabilized by appropriate choice of electrostatic boundary conditions, imposed through heteroepitaxy. Since the Pnma-AFE structure is non-polar, there is no electrostatic energy cost associated with forming it in thin films, with interfaces to either other non-polar dielectric materials or vacuum. In contrast, the ferroelectric polarization of R3c BiFeO3 introduces a depolarizing field in such a geometry, unless free charge carriers are available to screen the large polarization discontinuity at the interface. The total energy of the BiFeO3 in the heterostructure is the sum of the electrostatic energy (higher for the R3c structure) and the internal energy (lower for the R3c structure). Since the screening of the depolarizing fields is proportional to the interfacial area, whereas the internal energy is proportional to the BiFeO3 volume, there is a thickness-dependent crossover between the stabilities of the two structures, with the Pnma-AFE phase becoming lower in energy in the thin-film limit (Fig. 1c , See Supplement for full discussion).
We demonstrate experimentally that appropriate heterostructures indeed stabilize the new antiferroelectric phase. Superlattices of (LaxBi1-xFeO3)n/(BiFeO3)n for n = 2 -20 were synthesized on (001)pc pseudocubic (pc) TbScO3 substrates using reactive molecular-beam epitaxy. As shown in the piezoresponse force microscopy image in Fig. 3e , there is phase coexistence at the micrometre-scale. We also find that the BiFeO3 fully adopts the polar R3c structure in a (BiFeO3)15/(SrTiO3)15 superlattice given the even more polarizable SrTiO3 layers.
Finally, we demonstrate the conversion of Pnma-AFE to a ferroelectric by applying an external electric field, Eext. An applied field modifies the system energy by an amount − , ⃗ • 012 ,,,,,,,,⃗ , making the R3c phase more energetically stable than Pnma-AFE for a sufficiently high field as shown in Fig. 4a . We further compute the energy pathway between the polymorphs and find a 26 meV/f.u. kinetic switching barrier ( In summary, we demonstrate the use of electrostatic boundary conditions to uncover a previously In practice the system adopts a screening mechanism to reduce the electrostatic energy cost associated with the depolarizing field. In the absence of metallic electrodes to screen the bound surface charges, here we consider a mechanism in which free charges are generated by
electron-hole pair excitation across the intrinsic band gap, Eg, of BiFeO3. We note that this likely provides an upper bound on the screening energy cost, since free carriers will also be available from extrinsic sources such as point defects. The screening field is given by, , where s is the areal density of free charges generated by electron-hole pair excitation, so that the total electrostatic energy cost per unit area associated with the presence of the screened polarization in the slab is:
Here is the energy cost per unit area of creating areal charge simultaneously on each interface.
The amount of screening charge is determined by a balance between the energy cost of maintaining the polarization in the presence of the depolarizing field and the energy cost of creating electron-hole pairs across the gap. To determine this we minimize
with respect to areal charge density (assuming without loss of generality that P > 0 and σ > 0) by setting . We obtain
for the equilibrium surface density of free screening charges.
Substituting for s in our expression for the electrostatic energy per unit area we obtain We note two other mechanisms for reducing the electrostatic energy that could occur in our insulating samples: First, polarization of the inter-layer dielectric region, which is favored by a more polarizable dielectric with large dielectric constant 2,3 , and second, the formation of domains within the ferroelectric layer. Both of these effects introduce a field into the inter-layer non-ferroelectric layer. 
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